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This study investigated the effects of epiphytic diatom Licmophora paradoxa on the physiological activities of Pyropia 
yezoensis, including photosynthesis, malondialdehyde (MDA) content and antioxidant enzymes activities. The photosynthetic 
activity was measured using chlorophyll fluorescence technology. Physiological indexes, such as chlorophyll-a, MDA content, 
antioxidant enzymes superoxide dismutase (SOD), and catalase (CAT) were determined by spectrophotometry. The results 
showed that photosynthetic parameters, the maximum quantum efficiency of PSII (Fv/Fm), the maximum electron transport rate 
(rETRmax), the minimum saturating irradiance (Ek) and Chl-a content decreased in P. yezoensis, which had been previously 
attached by the diatom L. paradoxa. On the other hand, physiological indexes of the resistance mechanism, such as MDA 
content, SOD and CAT antioxidant enzymes activities were significantly increased in the host P. yezoensis. It is concluded that 
epiphytic diatoms created adverse effects on the photosynthesis of P. yezoensis, and stimulated the physiological responses of  
P. yezoensis to epiphytes. This study is beneficial/ helpful to better understand the relationship between epiphytic microalgae 
and host macroalgae. 
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Introduction 
The available surfaces in aquatic environments are 
commonly colonized by a variety of organisms known 
as epiphytes1, facilitated by a complex mixture of 
biological, physical, and chemical processes2. The 
epiphytic colonization onto host tissues such as leaves 
can be loosely or tightly attached, or even with an 
adnate component3,4, and can cause adverse effects to 
host. For instance, epiphytes can hinder growth and 
cause mechanical stress to marine macrophytes, such 
as seagrass5-7. Epiphytic communities consist of 
bacteria, diatoms, fungi, protozoans, and sometimes 
algal spores8. Diatoms are usually the dominant group 
of epiphytes, especially in the form of macrophyte-
associated microalgae9,10. The epiphytic diatoms 
biofilm could be a thick layer, which can consequently 
decrease the process of photosynthesis by acting as a 
barrier to carbon uptake and reducing the light intensity 
reaching the leaf surface11. It can particularly contribute 
to the negative impacts by diatoms which limit the 
growth and/or transform the specific hue of various 
marine macrophytes or macroalgae12,13.  
 
Previous studies have reported the effects of 
epiphytes on the rate of photosynthesis, antioxidant 
enzymes activities, and cell membrane compounds of 
macrophytes11-16. The mechanisms which epiphytes use 
to inhibit the growth and performance of macrophytes 
are various such as leaf coating and bleaching of the 
surface, competing for nutrients, and slowing down the 
exchange of carbon dioxide and oxygen gases1,17,18. 
Most importantly, epiphytes shade the light needed for 
macrophytes which results in a decrease of 
photosynthetic efficiency and thus low productivity 
and reproduction19-21. This interference in 
photosynthesis may result in early death of submerged 
macrophytes18,22,23. The reduction of light intensity due 
to epiphytes has been already reported earlier24-27. 
Epiphytes can also adopt such mechanisms to induce 
harmful effects on photosynthetic organelles 
consequently decreasing the chlorophyll-a (Chl-a) 
concentration of macrophytes14,16,28. In its defense, host 
cells usually increase the level of internal indicators of 
environmental stresses in response to epiphytes, such 
as malondialdehyde (MDA) content, and antioxidant 
enzymes superoxide dismutase (SOD) or catalase 
(CAT)15,16. 
 
To date, most of the studies have been conducted 
on community structure dynamics of epiphytic 
diatoms on macroalgae but their effects and extent of 
harm to macroalgae are poorly understood. The 




marine red alga Pyropia yezoensis J. Agardh is an 
important cultivated macroalga in East Asia, especially 
in China29. P. yezoensis also provide sufficient space 
for the growth of various microorganisms on its thalli 
surface, which consequently leads to slow growth or 
even cause decease30-34. The large concentrations of 
epiphytic diatoms communities can produce adverse 
effects on the growth of P. yezoensis17. It was also 
found that Licmophora paradoxa, Licmophora 
flabellata, Fragellaria sp., Melosira sp., and Navicula 
sp. were the dominant species on P. yezoensis17. 
However, compared to macrophytes such as seagrass, 
there is limited research carried out on the epiphytic 
mechanisms of diatoms inducing harm to macroalgae12. 
The present study was aimed to investigate the 
effects of the epiphytic diatom L. paradoxa on 
photosynthesis and physiological indexes (such as 
chl-a content, MDA content, and antioxidant enzymes 
SOD and CAT activities) of P. yezoensis, and for 
further exploring the relationship between epiphytic 
microalgae and their host macroalgae.  
 
Materials and Methods  
 
Samples preparation 
The diatom L. paradoxa was isolated from the field 
samples of P. yezoensis, was mono-cultured in the 
laboratory at 20 °C using F/2 as a growth medium 
which was prepared using the protocols of Guillard and 
Ryther54,55. The P. yezoensis preserved in the 
laboratory was cultured at 10 °C using PES medium 
(which was prepared using the protocol of Provasoli)56 
for about one month to obtain mature blades. Before 
inoculation, diatoms were counted using a counting 
chamber under the microscope. Final concentration of 
10.3 × 106 cells.ml-1 of diatoms were co-cultured with 
32 pieces of P. yezoensis with an area of about 2 cm2 in 
1 L bottle. Similarly, the same size and quantity of P. 
yezoensis cultured without diatoms was used as a 
control bottle. Both cultures were carried out for six 
days using F/2 medium to facilitate the growth of 
diatoms bottle under the conditions of 15 °C, 60 μmol 
m-2s-1 light and 12/12 hours day and night cycle. The 
samples of P. yezoensis without diatoms were labelled 
as Control-I, and the bottle with attached diatoms was 
labeled as P+D. The P+D samples were examined via 
Olympus BX53 microscope (Olympus, Japan) to 
ensure the attachment of diatoms on the surface of  
P. yezoensis.  
 
Determination of physiological activities 
Initially, P+D samples were used to determine the 
photosynthetic activity against Control-I samples, 
then the diatoms were washed off from its surface 
with a soft silicon brush and sterile filtered seawater. 
The washed off samples were labelled as P-D. The 
control samples were also washed in the same way 
and finally labelled as Control-II samples. Wiping the 
samples with a soft silicon brush showed no visible 
mechanical damages and no influence on the 
photophysiology which was confirmed through the 
measurement of photosynthetic activity. Both samples 
of P-D and Control-II were immediately used to 
determine the photosynthetic activity again. The 
remaining P-D and control-II samples were stored at 
−20 °C for further analysis of chl-a content, MDA 
content, and the antioxidant enzymes SOD and CAT 




Photosynthetic activity was determined by 
chlorophyll fluorescence technology using Closed 
FluorCam (PSI, Czech). The parameters of minimum 
fluorescence F0, non-photochemical quenching (NPQ) 
were automatically generated by FlourCam, and 
Fv/Fm was calculated as: 
 
Fv/Fm = (Fm – F0)/F … (1) 
 
Where F0 is the minimum fluorescence and Fm is 
the maximum fluorescence yield. 
The electron transport rate (ETR) of photosynthesis 
was calculated following the procedure of Genty et 
al.35 and Hofstraat et al. 36, as 
 
ETR = ∆F/Fmʹ · PPFD · a*PSII … (2) 
 
Where a*PSII is the optical cross-section of PSII, 
and the product of photosynthetic photon flux density 
(PPFD) and a*PSII equals the amount of absorbed 
irradiance by a PSII unit. As we did not measure 
a*PSII, relative ETR was calculated according to the 
study of Barranguet and Kromkamp37 for relative 
electron transport rate (rETR) and as such, the rETR 
was used and calculated as  
 
∆F/Fmʹ · PPFD  … (3) 
 
The ∆F/Fmʹ was calculated as; ∆F/Fmʹ = (Fmʹ – Fs)/Fmʹ 
 … (4) 
 
Fs is the steady-state fluorescence and Fmʹ is the 
maximum fluorescence after a saturating pulse when 
measured in the light. The above parameters were read 
by the software at the manufacturer’s defined time 
intervals for calculation of derived measurements. The 
measurements were performed with an automatic 




elimination of the background signals. The samples 
(three replicates each) were dark-adapted for 15 min 
before measurements. The parameters of rapid light 
curves (RLCs) i.e. the maximum relative ETR 
(rETRmax), light utilization coefficient (α), and 
minimum saturating irradiance (Ek), were determined 
using the non-linear regression to the rETR irradiance 
curves, following the functions of  
 
ETR = ETRmax (1-exp (-α × E/ETRmax)) and  
Ek = ETRmax/α. … (5) 
 
Chl-a content 
Chl-a content was extracted using 0.5 g of P-D and 
control samples in acetone (90 %) solution for 48 h at 4 
°C in the dark. The extractions were centrifuged at 
4000 rpm for 10 min at 4 °C and the supernatants were 
used to determine the absorbance using a 
spectrophotometer at 750 nm, 664 nm, 647 nm, and 
630 nm wavelengths respectively. The chl-a content 
was measured and calculated using the following 
equation: Chl-a = 11.85E664 - 1.54E647 - 0.08E630, and 
recorded as µg.g-1(ref. 38). 
 
MDA content  
The MDA content was determined using 
thiobarbituric acid (TBA) reaction via MDA 
extraction kit (Cominbio.com). About 0.1 g of 
samples was homogenized in the extraction solution 
(provided with the kit) and absorbance was recorded 
at 532 nm and 600 nm, respectively. The procedure 
was carried out according to the manufacturer’s 
manuals of the activity kit. The unit of MDA content 
was recorded as nmol.g-1 fresh weight. 
 
SOD and CAT activities  
For each SOD and CAT activities, 0.1 g frozen 
sample was homogenized, extracted, measured, and 
calculated according to the manufacturer’s manuals of 
activity kits, respectively (Cominbio.com). The unit 
measurements for SOD and CAT activities were 
recorded as U.g-1 fresh weight and nmol.min-1.g-1 
fresh weight, respectively.  
 
Statistical analysis  
Mean values and the standard deviations of three 
replicates per treatment were calculated. Statistical 
significance of the mean values for rETR irradiance 
curves were tested using a paired t-test function of 
Sigmaplot v11.0 and t-test between two samples. Two 
samples t-test function of MS-excel v2016 was used 




Chlorophyll fluorescence presented an increase in 
photosynthetic efficiency of P+D by showing a higher 
rETR than that of control-I samples (p < 0.01, Table 
1), under all the given PPFD irradiances i.e. 68.05, 
136.1, 359.6, 581.6, 801 and 1015 µmol m-2s-1 (Fig. 
1a). Similarly, a higher rETRmax, initial slope (α), and 
slightly lower Ek were recorded in P+D compared to 
control-I, obtained by the rETR regression (Table 2). 
On the contrary, the rETR of P-D was significantly 
decreased compared to control-II samples (p < 0.05, 
Table 1), by the rate of 17, 24 and 27 % under 581.6, 
801 and 1015 µmol m-2s-1 PPFD irradiances 
respectively (Fig. 1b). Similarly, the rETR regression 
showed lower rETRmax and Ek ratios, while slightly 
higher α in P-D than control-II samples (Table 2). 
 
The Fv/Fm was significantly increased in P+D as 
compared to control-I samples (p < 0.01, Table 1), while 
it was significantly decreased in P-D as compared to 
control-II samples (Fig. 2a, p < 0.01, Table 1). Although 
the F0 and NPQ were significantly increased in P+D 
compared to control-I (p < 0.01, Table 1), but found 
non-significant in P-D versus control-II samples (Figs. 
2b, c). In addition, the statistical analysis showed no 
remarkable differences between the control-I and 
control-II groups for all the measured photosynthetic 
parameters (Data is not provided). 
Table 1 — Comparison between the physiological parameters of 
different treatments of P. yezoensis represented by the results of t-test 
Treatments Parameter P-values Significance 
Control-I vs P+D rETR 0.006 Yes 
 Fv/Fm 0.010 Yes 
 F0 0.030 Yes 
 NPQ 0.001 Yes 
Control-II vs P-D rETR 0.041 Yes 
 Fv/Fm 0.007 Yes 
 F0 0.063 No 
 NPQ 0.200 No 
 Chl-a  0.041 Yes 
 MDA content 0.030 Yes 
 SOD 0.013 Yes 
 CAT 0.014 Yes 
 
Table 2 — Photosynthetic RLC parameters of P. yezoensis under 
different treatments 
Treatments rETRmax (rel.untis) α (rel.untis) Ek (µmol m
−2 s−1) 
Control-I 61.94 0.29 213.5 
P+D 81.32 0.39 208.5 
Control-II 58.87 0.32 183.9 
P-D 45.49 0.36 126.3 





The chl-a content in P. yezoensis was greatly 
influenced by L. paradoxa (Fig. 3a). In comparison to 
control-II samples (11.34 ± 2.14), the statistical 
analysis showed that chl-a content in P-D (8.06 ± 
1.80) was significantly decreased (p < 0.05, Table 1). 
 
MDA content 
MDA is a product of lipid peroxidation and it 
indicates the level of damage to the cell membrane 
cause by the environmental stress. It showed that 
MDA content in P-D (74.90 ± 14.09) was significantly 
higher than control-II samples (14.36 ± 5.86) (Fig. 3b; 
p < 0.05; Table 1). 
 
SOD and CAT activities 
SOD and CAT are important antioxidant enzymes, 
and their activities in P. yezoensis were influenced by 
the attachment of L. paradoxa. The results showed 
that SOD enzymatic activity was significantly higher 
in P-D than control-II samples (Fig. 4a; p < 0.05; 
Table 1), and so did CAT enzymatic activity (Fig. 4b; 
p < 0.05; Table 1). 
 
Discussion 
Epiphytes growth on the surface of macroalgae is 
common in aquatic environments and considered a 
major problem across the globe in seaweed cultivation 
as they can reduce productivity and result in 
economic loss12,39-41. The present results are 
supporting previous studies that have demonstrated 
the influence on physiology of host plants by the 
growth of epiphytes12,14-16,28.  
 
Fig. 1 — rETR irradiances curves: (a) Control-I vs P+D;
(b) Control-II vs P-D. Indicated values were mean ± S.D of three
replicates. Paired t-test determined the p-values (*p < 0.05,




Fig. 2 — Comparison of photosynthetic parameters:
(a) Maximum fluorescence quantum yield (Fv/Fm); (b) Minimum
fluorescence yield (F0); and (c) Non-photochemical quenching
(NPQ). The dark black bars represent the control groups
(i.e. Control-I or Control-II) and patterned bars represents the
treatment groups (i.e. P+D or P-D). Indicated values were mean ± S.D
of three replicates. T-test function determined the p-values (*p < 0.05,
**p < 0.01) 
 
Fig. 3 — a) Chlorophyll a contents and b) MDA contents; in
control-II and P-D samples. Indicated values were mean ± S.D of




Fig. 4 — Activities of antioxidant enzymes in control-II and 
P-D: a) SOD enzymatic activity; and b) CAT enzymatic activity.
Indicated values were mean ± S.D of three replicates (*p < 0.05, 
**p < 0.01) 




In the present study, the relative electron transport 
rate (rETR) was decreased in P-D compared to 
control-II samples by up to about 14 % as a whole. 
Besides that, the photosynthetic RLC parameters like 
rETRmax, and Ek were remarkably diminished in P-D 
(Table 2), which indicated an adverse effect on the 
photosynthetic efficiency of P. yezoensis. These 
decreases in rETRmax and Ek with slightly higher  
a might be due to the adaptation of P. yezoensis to 
low light which was caused by diatoms shading the 
light. It was reported that maximum quantum 
fluorescence yield (Fv/Fm) reflects the maximum 
efficiency of PSII system42. When Fv/Fm decreases, 
this can be interpreted as the development of 
photoinhibition43. In the present study, the Fv/Fm 
decreased in P-D compared to control-II samples (Fig. 
2a), which indicated an adverse effect of L. paradoxa 
on the maximum quantum yield of P. yezoensis.  
 
The present findings suggest that the attachment of 
L. paradoxa produced undesirable effects on  
P. yezoensis by decreasing the important 
photosynthetic parameters such as rETR and Fv/Fm 
ratios. This conclusion is in accordance with the 
results reported earlier14, which showed that ETR and 
Fv/Fm of the Potamogeton crispus was declined with 
the increasing coating biomass of epiphytic algae. A 
possible explanation could be that the thalli of P. 
yezoensis were shade-adapted by the epiphytic 
diatoms and thus altered to grow in low light 
conditions. This is consistent with the results of 
earlier study who observed the decline in ETR and 
Fv/Fm ratio when plants grew in low light conditions
44. 
However, the minimum fluorescence yield (F0) and 
non-photochemical quenching (NPQ) were non-
significant in P-D than those in control-II samples 
(Fig. 2b, 2c), which indicates that initial fluorescence 
and energy dissipation via non-photochemical 
quenching of P. yezoensis were not influenced by 
epiphytic diatoms. 
 
Compared to control-I samples, the P. yezoensis 
with the attached epiphytic diatoms showed an 
increase in rETR under all the PPFD irradiances by up 
to about 24 %. The increased rETRmax and α with no 
remarkably decreased Ek (Table 2), indicated that P. 
yezoensis with attached diatoms had higher 
photosynthetic efficiency than control-I. The higher 
value of a implied that P. yezoensis harvested a higher 
light harvesting efficiency due to the attached 
diatoms. The significant increase in Fv/Fm indicated 
higher maximum quantum efficiency of P+D  
(Fig. 2a). Similarly, the significant increase in F0 and 
NPQ ratios (Figs. 2b, c), indicated that epiphytic 
diatoms on the thalli P. yezoensis increased their 
whole photosynthetic ability. 
 
In the present study, the concentration of chl-a was 
significantly decreased in P-D compared to the control-
II samples (Fig. 3a), which indicated a negative 
influence caused by previously attached diatoms on P. 
yezoensis. The present findings of chl-a appears to 
support earlier studies that reported a reduction in chl-a 
content in Vallisneria natans with high epiphytic 
densities compared to low epiphytic algae densities16. 
Similarly, significantly lowered leaf chl-a 
concentration were found in the plants with epiphytic 
algae compared to the plants without epiphytic algae, 
especially in the low light condition28. Additionally, the 
epiphytes can possibly promote the growth of 
bacteria45. Some of them could successively produce 
phycotoxins46,47, which would not only be harmful to 
chlorophyll concentration48,49 but also could interfere 
with the membrane compounds50. 
 
In this study, MDA content, which is a product of 
membrane lipid peroxidation, presented a dramatic 
increase in P. yezoensis which was previously 
attached by diatoms. The significant increase in MDA 
content verified the response of P. yezoensis to the 
attachment of diatoms and implied that the epiphytic 
diatoms produced undesirable stress to P. yezoensis 
(Fig. 3b). The results corroborated to earlier studies, 
where an increase of MDA content showed in 
Vallisneria natans (Lour.) with epiphytic algae 
compared to those without epiphytic algae15,16. 
 
It is known that oxidative stress produced by reactive 
oxygen species (ROS) in cells and tissues adversely 
affects the growth of plants51. Thus, to avoid excessive 
free radical damage, plant cells usually upsurge the 
antioxidant activity in order to remove ROS52. Such 
enzymes like SOD and CAT consequently increase the 
level of endogenous antioxidants53. In the present study, 
SOD and CAT enzymatic activities increased in P. 
yezoensis which had been attached by diatoms L. 
paradoxa. It indicated that the diatoms attachment might 
produce stress to P. yezoensis. It was also reported that 
an increase in antioxidant enzyme activities of 
Vallisneria natans with epiphytic algae compared to 
those without epiphytic algae15. 
 
Conclusion 
The present study suggests that epiphytic diatoms 
not only can cause adverse effects on the 




photosynthesis of a host P. yezoensis but also stimulate 
its physiological responses to epiphytes. This was the 
key point of the present study in seeking to understand 
the responsible mechanism(s) of epiphytic diatom-
induced physiological stress to macroalgae. Further 
molecular studies are suggested to better understand 
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